This study examines the prediction and predictability of the recent catastrophic rainfall and flooding event over Taiwan induced by Typhoon Morakot (2009) with a state-of-the-art numerical weather prediction model. A high-resolution convection-permitting mesoscale ensemble, initialized with analysis and flowdependent perturbations obtained from a real-time global ensemble data assimilation system, is found to be able to predict this record-breaking rainfall event, producing probability forecasts potentially valuable to the emergency management decision makers and the general public. Since all the advanced modeling and data assimilation techniques used here are readily available for real-time operational implementation provided sufficient computing resources are made available, this study demonstrates the potential and need of using ensemble-based analysis and forecasting, along with enhanced computing, in predicting extreme weather events like Typhoon Morakot at operational centers.
Introduction
Floods associated with tropical cyclones are one of the most costly and deadly nature hazards in the world, particularly for the island of Taiwan, which possesses significant mesoscale topography (e.g., Wu et al. 2002; Cheung et al. 2008) . From 6 to 10 August 2009, Typhoon Morakot brought record-breaking rainfalls and the worst flooding event over the island of Taiwan in 50 years, which claimed more than 600 lives with more than 200 people missing and an estimated $3.3 billion in damages. The worst-hit mountainous southern Taiwan recorded large areas of 72-h total precipitation close to 3000 mm (Fig. 1a) . The maximum 24-h rainfall amounts were 1403 mm in 24 h at Weiliaoshan in Pingtung County on 8 August, and 2327 mm in 48 h at Alishan, Chiayi County on 8-9 August, both of which are new rainfall records and are not far from the world records of 1825 and 2467 mm, respectively.
The extreme rainfall amount was the consequence of moisture-laden typhoon circulation impinging upon the Central Mountain Range of Taiwan, with many peaks exceeding 3000 m. Typhoon Morakot was only a category 2 storm before it made landfall on Taiwan at around 1800 UTC 7 August 2009. However, the size of its circulation was fairly large in comparison to climatologically averaged values (Knaff et al. 2007 ) with gale-force wind extending to a 650-km radius. As a result, before Morakot's landfall on Taiwan, the northeasterly flow associated with the typhoon's outer circulation had already produced significant amounts of rainfall over southern Taiwan starting at 1200 UTC 6 August into 7 August 2009. Large amounts of rain continued to fall over southern Taiwan from 1200 UTC 7 August into 8 August during the period when the storm made landfall and crossed over northern part of the island. After Morakot reemerged over the Taiwan Strait and moved northward, the southwesterly flow associated with the storm's outer circulation continued to produce very heavy rainfall over southern Taiwan. The continued heavy rainfall over southern Taiwan for three consecutive days, before, during, and after landfall, eventually triggered enormous mudslides and severe flooding throughout southern Taiwan.
The prediction of such a heavy rainfall event is exceedingly challenging for any dynamical operational model. Such a model must have sufficient resolution to resolve the mesoscale Central Mountain Range. Accurate representation of the complex interaction between the terrain and the slow-moving typhoon vortex is likely one of key factors in the rainfall forecasts. Moreover, in order to predict the storm's track accurately, the large-scale environment, particularly the moisture distribution, must be accurately analyzed. Third, to predict the intensity and structure of the storm, the typhoon vortex needs to be properly initialized. Finally, the hydrological cycles must be properly modeled or parameterized to accurately predict precipitation amounts and distributions. It is desirable to have a model at convection-permitting 1 resolution that permits the use of explicit cloud microphysics for precipitation prediction. For these reasons, accurate prediction of the torrential rainfall associated with typhoon-mountain interaction for a case such as Morakot will require the use of a high-resolution convection-permitting model with accurate synoptic-scale analyses and vortex initialization. However, because of uncertainties in large-scale analyses, vortex initialization, and physical parameterization, a single deterministic run is often subject to considerable errors and uncertainties. For the Morakot event, even if a single deterministic forecast predicted an extreme rainfall amount, the forecasters would be hesitant to take such a forecast at its face value, as the uncertainties for such a forecast can be substantial and could potentially lead to embarrassing false alarms. To help the forecaster predict a devastating event such as Morakot, we need to provide not only the forecast itself, but also the uncertainties of the forecast (probability prediction). This will require the use of an ensemble forecast system at convection-permitting resolution. This study seeks to explore the predictability 2 of this record-breaking rainfall event with the state-of-theart science and technology that is readily available but FIG. 1. The 72-h accumulated rainfall total (mm, from 0000 UTC 6 Aug to 0000 UTC 9 Aug) over Taiwan: (a) observational analysis provided by the CWB, (b) ARW 96-h forecast using the GFS real-time EDA analysis as the initial conditions (IC_EDA), (c) ARW 96-h forecast with the GFS operational analysis using GSI as the initial conditions (IC_GSI), and (d) ensemble mean of the 60-member ensemble forecast using the GFS real-time EDA perturbations as the initial conditions.
has not yet been implemented at operational weather prediction centers.
Data and methodology
We perform a total of 62 convection-permitting simulations of the Morakot event with the Advanced Research version (ARW) of the next-generation mesoscale Weather Research and Forecast Model (WRF) currently being developed and employed at the National Center for Atmospheric Research (Skamarock et al. 2005) . Two model domains coupled through twoway nesting are employed; the fine (coarse) domain has a horizontal grid spacing of 4.5 (13.5) km covering areas of 2700 3 2400 (8100 3 7200) km 2 . The model has 35 vertical levels with physics configurations that are the same as those used in Zhang et al. (2009) . These high-resolution convection-permitting ARW forecasts were initialized at 0000 UTC 5 August (;2.5 days before landfall): one initialized with the National Centers for Environmental Prediction (NCEP) operational analysis (global statistical interpolation or GSI) of the Global Forecast System (GFS) (IC_GSI), one with the analysis (ensemble mean) from an experimental real-time global Ensemble Data Assimilation (EDA) system (IC_EDA-DF), and the other 60 with ensemble perturbations (IC_EDA-EF, labeled from m11 to m70) that represent the flow-dependent analysis uncertainty of the global EDA system (hereafter referred to as the control ensemble). This realtime EDA system based on the ensemble Kalman filter (EnKF) technique (Whitaker et al. 2008) uses the same GFS model and assimilates the same set of observations as those in NCEP operational GSI analyses, and has demonstrated advantages over the current NCEP operational system owing to its use of a more advanced data assimilation technique (Hamill et al. 2011) .
Both the experimental global EDA analysis and all the convection-permitting ARW simulations are performed at the ''Ranger'' Linux cluster of the Texas Advanced Computing Center (TACC) under the auspices of the Hurricane Forecast Improvement Project (HFIP). Each ARW simulation runs on 256 Ranger cluster cores with a wall-clock time of ;10 h for a 5-day integration. The TACC Ranger cluster is capable of carrying out all of these convection-permitting simulations simultaneously in real time.
The observational rainfall shown in Fig. 1a is plotted with the 0.028 3 0.028 gridded rainfall estimate provided by the Taiwan Central Weather Bureau and available hourly. Figure 2 shows the tracks, intensities, 3 and sizes (15 m s 21 wind radii) of Typhoon Morakot from the two deterministic forecasts (IC_EDA-DF and IC_GSI) and the 60 ensemble members in comparison with the operational best-track analysis (observations) provided by the Japan Meteorological Agency (JMA). Despite a noticeable northward (southward) bias of Morakot's track in the ARW forecast of IC_EDA-DF in the early (later) part of the simulation, the simulated storm follows the observed storm reasonably well before, during, and after its landfall over Taiwan (Fig. 2a) . The position forecast error by IC_EDA-DF at 1800 UTC 7 August near the time of landfall with a lead time of 66 h is only 47 km (Fig. 3) , which is very small compared to the official track error at 2-3-day range according to the official National Oceanic and Atmospheric Administration/ National Hurricane Center (NOAA/NHC) projections Franklin 2009 ). Figure 4 shows the 700-hPa geopotential height and wind forecasts from IC_EDA-DF (and the average of the five best-performing members; more on this subject later) at 0000 UTC 7 August (before landfall) and 0000 UTC 8 August (after landfall) that verify reasonably well against the GFS final (FNL) analysis in terms of both position and storm asymmetry. Both the IC_EDA-DF forecast and the FNL analysis have stronger mid-to low-level wind speed in the southeast quadrant than other quadrants and a dilation axis along the southwest-northeast direction. On the other hand, the FNL-analyzed inner-core vortex is significantly weaker than in the IC_EDA-DF forecast, which is likely due to the use of coarser resolution and/or the deficiency of the data assimilation method in the FNL analysis. The track and position forecasts by IC_EDA-DF are in stark contrast to the ARW forecasts initialized with the operational GFS analysis using the GSI method (IC_GSI). The simulated storm in the IC_GSI forecast dissipated before reaching Taiwan, and did not make landfall (not shown).
ARW ensemble forecast results
The intensity forecast as measured by the maximum surface winds from IC_EDA-DF is also remarkably good through the 4-day forecast period after the initial adjustment during the first day (Fig. 2b) . The EDA analysis did not employ vortex bogussing or relocation, ad hoc techniques that are widely used in operational tropical cyclone prediction systems. In contrast, GSI uses a vortex relocation scheme that first moves the GFS background vortex to the best-track location and then performs the standard GSI analysis (Q. Liu, NCEP, 2010, personal communications; information also available online at http://www.nws.noaa.gov/om/tpb/472.htm). The initial vortex in IC_GSI is substantially weaker than that of IC_EDA-DF, especially at lower levels (Figs. 5a-c). As a consequence, the IC_GSI produces a poor intensity forecast for Morakot (Fig. 2b) .
In addition, the size of Morakot, measured by the maximum radius of 15 m s 21 surface winds, is also reasonably forecasted by IC_EDA-DF (Fig. 2c ) except for the last day of the forecast period after the typhoon has crossed over Taiwan. Note that there are significant uncertainties in the current mostly satellite-based observational tropical-cyclone size estimates, including that by JMA, as shown here. Note also that after the typhoon made landfall, there are also significant uncertainties in estimating its track, size, and intensity from the model given strong variations near the surface due to high variations in the terrain. Nevertheless, the JMA size estimate in terms of 15 m s 21 surface wind radii is for the most part consistent with two other independent size estimates, one obtained through aircraft dropsondes (C.-C. Wu 2010, personal communications) and the other from (m11, m13, m15, m16, m19, m22, m23, m26, m29, m31, m33, m37, m39, m46, m47, m49, m57, m61, m64 , and m70), IC_EDA-EF(40Rest) is the average of the other 40 members, IC_EDA-EF(All) is the averaged position error of all ensemble members, IC_EDA-EF(5BestTrack) is the average track error of the five members (m11, m13, m19, m47, and m61) that have the best-track forecasts, IC_EDA-EF(5NorthTrack) is the average track error of the five members (m21, m27, m52, m54, and m55) that have the northern-most (poor) track forecasts during the time of landfall, and IC_EDA-EFmean is the position error of the ensemble mean track.
Quick Scatterometer (QuikSCAT) satellite-derived surface winds (C.-S. Lee 2010, personal communications). Among the track, intensity, and size forecasts made by the ARW control ensemble (IC_EDA-EF), we see a large disparity between the ensemble members, which indicates a large uncertainty in predicting the exact location, track, size, and intensity of Morakot 24-96 h in advance (Fig. 2) . Nevertheless, most of ensemble members did make landfall within 12 h of the observed time. The mean position error averaged over all ensemble members near the time of Morakot's landfall in Taiwan with 66 h of lead time is 209 km (Fig. 3) , which is below the average operational forecast error for Atlantic hurricanes from the National Hurricane Center (Franklin 2009 ). The track error of the ensemble mean position near the time of landfall is 49 km, similar to the deterministic forecast of IC_EDA-DF (47 km), both of which are greatly smaller that that of the position error averaged over all of the ensemble members (Fig. 3) .
Consistent with the track and intensity forecasts, Figs. 1b-d show the 72-h accumulated rainfall over Taiwan ending at 0000 UTC 9 August with a 96-h forecast lead time predicted by experiment IC_EDA-DF and IC_GSI as well as by the ARW ensemble mean, respectively. Compared to the gridded observations in Fig. 1a , experiment IC_EDA-DF forecast initialized with the EDA analysis performed remarkably well on the record-breaking rainfall in terms of both location and intensity throughout the area of Taiwan. Most notably, compared to rainfall observations obtained from the Taiwan Central Weather Bureau (CWB; see Fig. 1a ), the areas of total 72-h accumulated precipitation are forecasted accurately by IC_EDA-DF over southern Taiwan, where Morakot hit the hardest. Even the area coverage of the total 72-h accumulated precipitation exceeding 2000 mm is well forecasted, despite a substantial shift to the south and greater rainfall amounts in the model. The observed secondary precipitation maximum over north-central Taiwan is also reasonably well forecasted by the IC_EDA-DF experiment, though there is an apparent overprediction along the northeast coast of the island. This northern secondary precipitation maximum is also simulated by the IC_GSI experiment but IC_GSI almost completely misses the large areas of extreme rainfall over the southern part of the island (Fig. 1c) .
Given the limited predictability of tropical cyclones due to moist convection (e.g., Zhang and Sippel 2009) and the deficiency/uncertainty in numerical weather prediction models including ARW, it is speculated that even if a successful deterministic forecast such as IC_ EDA-DF were available in real time, operational forecasters will have a difficult time assessing its validity given the unprecedented nature of this record-breaking flooding event. Having an ensemble forecast available in real time would allow forecasters to better assess the uncertainties of the forecasts (e.g., Toth and Kalnay 1993) . Figure 6 shows the 72-h rainfall total over Taiwan using all 60 ensemble members that were initialized with flowdependent analysis uncertainties from the EDA; the rainfall total averaged over all ensemble members is shown in Fig. 1d .
As in the track and intensity forecasts, indeed there is a large spread (and thus large uncertainties) in the 72-h precipitation total between the 60 ensemble members over the hardest-hit area in southern Taiwan. Two members (m21 and m27) completely failed to produce any significant precipitation (,100 mm total) over southern Taiwan and nine others combined for an accumulated total of less than 300 mm over the most severely flooded areas. On the other hand, there are more than 20 (10) members that forecasted a maximum 72-h total of over 1000 (2000) mm in the vicinity of the observed maximum location. The 20 members that have the best rainfall forecasts are highlighted with violet colors in Fig. 2 , from which it is clear that, on average, the better the track position and intensity forecast, the better the rainfall forecasts. The averaged position error at 1800 UTC 7 August for these 20 members is 118 km, which is less than half of the average of the remaining 40 members (254 km, as shown in Fig. 3) . Furthermore, the averaged position error of the five best-track forecast members (with the smallest root-mean-square error calculated every 6 h during the 0-and 96 h forecasts, i.e., m11, m13, m19, m47, and m61) is only 96 km while the average position error of the five members that have the northern-most track forecasts (m21, m27, m52, m54, and m55) is 364 km (Fig. 3) at 1800 UTC 7 August. The mean 700-hPa geopotential height and wind forecasts averaged over these five best-track forecast members before and after Morakot's landfall in Taiwan also verified well against the FNL analysis and the IC_EDA-EF forecasts in terms of position, size, and asymmetry (Fig. 4) . The initial geopotential and wind differences between the mean of the five best-track forecast members and the mean of the five northern-most track (poor forecast) members at different levels are shown in Figs. 5d-f, which show that the best members tend to have a stronger cyclonic circulation to the southeast of the initial vortex. On average, these five best-track forecast members also have higher middle-level moisture close to the initial TC vortex (not shown). However, there are a few members that have rather small position errors but fail to produce good rainfall forecasts (not shown), indicating only factors that are also affecting the rainfall predictability. On the other hand, the strong differences between the deterministic forecast of IC_EDA-DF and the mean of all of the ensembles in terms of both track and precipitation (Figs. 1 and 2) suggest there are strong nonlinearities associated with the evolution of Morakot, which further highlights the need for probabilistic forecasts.
Based on the ensemble forecasts, Fig. 7 shows the ensemble-generated probability distribution for the 72-h accumulated rainfall totals with different thresholds. Consistent with individual member forecasts in Fig. 6 , it is FIG. 6 . The 72-h accumulated rainfall total (mm, gray scale as in Fig. 1 ) over Taiwan, forecasted by each of the 60 ensemble members. The 20 members that have good rainfall forecasts (m11, m13, m15, m16, m19, m22, m23, m26, m29, m31, m33, m37, m39, m46, m47, m49, m57, m61, m64, and m70) are denoted by pink curves in Fig. 2 , among which the five members m11, m13, m19, m47, and m61 have the best track forecasts. Members m21, m27, m52, m54, and m55 are the five that have the northern-most (poor) track forecasts during the time of landfall.
shown that the probability of the total 72-h accumulated precipitation exceeding 500 mm is over 70% in the hardest-hit flooding area, and over 30% throughout southern Taiwan and some parts of north-central Taiwan (most of these areas have observed rainfalls exceeding 500 mm as in Fig. 1a) . The probability of the 72-h total rainfall exceeding 1000 (1500) mm is over 50% (30%) in the heaviest-flooding area. Moreover, as rare as it was, the probability of the total precipitation exceeding 2000 mm is higher than 10% in a small area over southern Taiwan that is not far from the area with the most observed rainfall. All of these probability forecasts, along with the deterministic run of IC_EDA-DF, could have been very valuable to the forecasters if they were made available in real time. For example, such probability forecasts, even at the 10-30% level, can be used by emergency management officers employing simple cost-benefit analyses in decision-making systems to decide on whether to make additional preparations or to evacuate people from the potential disaster areas 3-4 days in advance.
Three additional ensemble experiments are performed in the same manner as the control 4.5-km ARW ensemble but with only 30 members and with different initial conditions (only the means of these sensitivity ensembles are shown in Fig. 8 ). An ensemble initialized FIG. 8. Ensemble mean forecast of the 72-h accumulated rainfall total (mm; from 0000 UTC 6 Aug to 0000 UTC 9 Aug) over Taiwan from (a) ''EDA30m,'' a subset of IC_EDA consisting of 30 randomly selected members in IC_EDA; (b) a 30-member ensemble that is initialized by adding climatological uncertainties derived from the ARW 3DVAR default background error covariance as perturbations to the GSI analysis; (c) a 30-member ensemble that is initialized by adding the same EDA perturbations as in EDA30m to the GSI analysis; and (d) a 30-member ensemble that is initialized by adding the same 3DVAR perturbations as in ensemble GSI to the EDA mean analysis.
by adding climatological uncertainties derived from the ARW three-dimensional variational data assimilation (3DVAR) default background error covariance as perturbations (Barker 2005) to the GSI analysis fails to capture the record-breaking event in southern Taiwan entirely (Fig. 8b) . The second ensemble initialized by adding 30 randomly selected EDA perturbations from the control ensemble (IC_EDA) to the GSI analysis performs slightly better, with nearly a third of the members predicting a maximum of over 500 mm in accumulated rainfalls but no member has rainfall exceeding 1000 mm over the flooding area (Fig. 8c) . A third ensemble initialized by adding the same 3DVAR perturbations to the EDA mean analysis performs similarly to the control ensemble in terms of its ensemble mean but the ensemble spread is too small to reflect realistic uncertainties for this event, with both the track and intensity nearly completely biased on one side of the observations (Fig. 8d) . These additional sensitivity ensemble experiments further highlight the significance of using flow-dependent initial condition uncertainties in the ensemble forecast, consistent with the findings from tropical cyclone predictions with global-model ensembles (Hamill et al. 2011) . These experiments also highlight the importance of creating an accurate large-scale analysis (e.g., through EDA) as the basis for a cloudpermitting ensemble system. In other words, for the Morakot case, we needed to have a good synoptic-scale analysis and associated uncertainty, which are provided by the global EDA. We then needed a good high-resolution cloud-permitting model with appropriate physics and detailed topography. Moreover, as demonstrated in Zhang et al. (2009) and Torn and Hakim (2009) , additional improvements may be expected if the EDA analysis is further performed with a cloud-permitting regional-scale ensemble analysis and forecast system, especially through the inclusion of inner-core observations such as those from Doppler radars and/or aircraft dropsondes.
Concluding remarks
In this study, we have experimented with a GFS-based ensemble data assimilation system, which is followed by ensemble prediction using a high-resolution (4.5 km) WRF model with explicit microphysics. We showed that the global EDA system produced the initial analysis that leads to a much more successful deterministic 4-day prediction of the heavy rainfall over southern Taiwan. The WRF forecast initialized with the operational GSI analysis failed to predict a significant storm, and significant rainfall over Taiwan. This case demonstrates that a global EDA system may provide significant improvements over the current 3DVAR-based GSI system. Convection-permitting mesoscale ensemble forecasts, initialized with flow-dependent perturbations from global EnKF analyses, were able to predict this extreme, recordbreaking flooding event, producing probability forecasts that are potentially valuable to the emergency management decision makers and the general public. All the advanced modeling and data assimilation techniques used in this study are readily available for real-time operational implementation, provided sufficient computing resources are made available.
